Seed storage proteins of plants commonly comprise several groups of multiple isoforms encoded by gene families. From about 300 expressed sequence tag (EST) clones in maturing jelly fig (Ficus awkeotsang Makino) achenes, gene families encoding precursor polypeptides of two storage protein classes, including six 11S globulin isoforms and two 2S albumin isoforms, were identified. Complete sequences encoding the precursor polypeptides of these eight storage proteins were obtained by sequencing the pertinent EST clones that contained fulllength cDNA fragments. Matrix-assisted laser desorption/ionization mass spectrometry analysis confirmed the presence of these storage protein isoforms in the extract of jelly fig achenes resolved in SDS-PAGE. The amino acid compositions of the deduced storage proteins indicated that achene proteins in jelly fig are nutritive, for both isoforms of 2S albumin are sulfur-rich, and one of them is also rich in tryptophan.
Seed storage proteins of plants commonly comprise several groups of multiple isoforms encoded by gene families. From about 300 expressed sequence tag (EST) clones in maturing jelly fig (Ficus awkeotsang Makino) achenes, gene families encoding precursor polypeptides of two storage protein classes, including six 11S globulin isoforms and two 2S albumin isoforms, were identified. Complete sequences encoding the precursor polypeptides of these eight storage proteins were obtained by sequencing the pertinent EST clones that contained fulllength cDNA fragments. Matrix-assisted laser desorption/ionization mass spectrometry analysis confirmed the presence of these storage protein isoforms in the extract of jelly fig achenes resolved in SDS-PAGE. The amino acid compositions of the deduced storage proteins indicated that achene proteins in jelly fig are nutritive, for both isoforms of 2S albumin are sulfur-rich, and one of them is also rich in tryptophan.
Key words: achene; expressed sequence tag; Ficus awkeotsang; matrix-assisted laser desorption/ ionization mass spectrometry; seed storage proteins A significant amount of food proteins is provided by seeds from cereals and legumes, such as wheat, rice, maize, and soybean. Approximately 80-90% of proteins in mature seeds are composed of a few groups of storage proteins massively accumulated in discrete vesicles termed protein bodies, which serve as the source of amino acids for germination and post-germination growth of seedlings. 1) Based on their solubility in various extraction solvents, seed storage proteins can be classified into four groups: soluble in water (albumins), dilute saline (globulins), alcohol/water mixtures (prolamins), and dilute acid or alkali (glutelins).
2) The globulins are further divided into two subgroups according to their sedimentation coefficients: 7S vicilin-type and 11S legumin-type globulins. In general, isoforms encoded by gene families constitute these groups of seed storage proteins.
In the past two decades, seed storage proteins from many important crops have been extensively studied at the molecular level, including their structure, regulation of synthesis, mechanisms of targeting and deposition, functional properties, and applications in genetic engineering. 3, 4) 11S globulin consists of an acidic subunit (30-40 kDa) and a basic subunit (20) (21) (22) (23) (24) (25) linked by a single disulfide bond. 5, 6) The two subunits are encoded by a single gene producing a precursor polypeptide of 50-60 kDa, which is cleaved post-translationally by a signal peptidase in the endoplasmic reticulum (ER) membrane and then by a unique asparaginyl endopeptidase after the formation of an inter-chain disulfide bond between the N-terminal acidic and the C-terminal basic subunits. 7) Similarly, 2S albumin consists of a small subunit (3-5 kDa) and a large subunit (8-10 kDa) linked by two disulfide bonds. 8) These small and large subunits of 2S albumins occur as specific pairs since the two paired subunits are processed from a single gene product (15-18 kDa), possibly through cleavage by the same signal peptidase and asparaginyl endopeptidase involved in the post-translational processing of 11S globulin.
Jelly fig (Ficus awkeotsang Makino) is a unique woody vine growing in the mountain areas of Taiwan. Water extract of the pericarpial portion of jelly fig achenes is utilized to produce jelly curd, a popular drink in local markets, 9, 10) and the remaining achenes com-
The nine nucleotide sequences reported in this paper have been submitted to the GenBank database under accession nos. EF091693 to EF091701. y To whom correspondence should be addressed. Jason T. C. TZEN, Graduate Institute of Biotechnology, National Chung-Hsing University, Taichung, Taiwan 40227; Fax: +886-4-22853527; E-mail: TCTZEN@dragon.nchu.edu.tw; Wing-Ming CHOU, Department of Biotechnology, National Formosa University, Yunlin, Taiwan 63208; Fax: +886-5-6315502; E-mail: wingming@sunws.nfu.edu.tw Abbreviations: ER, endoplasmic reticulum; EST, expressed sequence tag; MALDI-MS, matrix-assisted laser desorption/ionization mass spectrometry posed of intact seed cells with abundant proteins putatively stored in the subcellular protein bodies 11) are discarded. These abundant proteins found in jelly fig seed have never been investigated. They are perhaps composed of different classes of seed storage proteins as found in diverse seeds. 3) Recent technical advancement in proteomic tools, such as matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) and liquid chromatography mass/mass spectrometry, has powerfully assisted in protein identification and characterization. 12, 13) Massive protein sequences deduced from either genomic DNA sequences or expressed sequence tag (EST) clones have provided a rich source of identification of proteins by peptide mass fingerprinting. 14, 15) For a comprehensive understanding of the seed storage proteins in jelly fig achenes at the molecular level, we sequenced approximately 300 EST clones from maturing achenes. Putative fragments encoding 11S globulin and 2S albumin storage proteins were identified in these EST clones. Corresponding proteins of the identified clones were subsequently isolated and confirmed in the extract of jelly fig achenes by MALDI-MS analyses. The nutritive value of these storage proteins in terms of their amino acid compositions was evaluated. RNA isolation and cDNA library construction. Total RNA was prepared by grinding 2 g of maturing achenes in liquid nitrogen by the phenol/SDS method. 16) Poly-(A) þ mRNA was purified from total RNA with a Dynabeads Ò mRNA Purification Kit (Dylan Biotech, Oslo, Norway) following the manufacturer's instructions. cDNA was synthesized with 5 mg of mRNA with a Stratagene ZAP-cDNA Synthesis Kit according to the manufacturer's protocol (Stratagene, La Jolla, CA), sizefractioned into two parts of 0.5-1.0 kb and 1.0-2.0 kb by DNA electrophoresis, and recovered from agarose gels with a Qiagen Gel Extraction Kit (Qiagen, Valencia, CA). Two ZAP cDNA libraries with approximately 10 6 plaques were subsequently constructed with the two recovered DNA fractions. Mass excision was performed to convert the phage libraries into bacterial pBluescript libraries.
Materials and Methods
In-house generated EST sequencing and sequence analyses. Bacterial libraries were sprayed and grown on LB plates with antibiotic ampicillin. Randomly, colonies were selected and recombinant cDNA plasmids were prepared with a Minipre Purification kit (Protech, Taipei, Taiwan) prior to EST sequencing by the dideoxy chain-termination method with a BigDye terminator cycle sequencing kit and an ABI 377 DNA sequencer (Perkin-Elmer, CT). To maximize the possibility of detecting coding regions in the databases, the 5 0 ends of the cDNA inserts were first sequenced using a T3 primer, 5 0 -AATTAACCCTCACTAAAGGG-3 0 . Approximately 200 and 100 EST clones derived from the two cDNA libraries were sequenced and analyzed with the Blast program (http://www.ncbi.nlm.nih.gov/blast/) at the National Center for Biotechnology Information of USA. 17, 18) EST clones showing homology to seed storage proteins were collected. Complete cDNA fragments encoding precursor proteins of two 2S albumin isoforms were obtained in the first EST sequencing. To complete the 11S globulin clones, the insert size of the cDNA fragments encoding the putative precursor proteins of the 11S globulin isoforms was examined by PCR using the T3 and T7 primers from Phagemid vector (T7 primer, 5
0 -GTAATACGACTCACTATAGGGC-3 0 ). The cDNA fragments larger than 1.7 kb were completely sequenced from both ends using T3 and T7 primers. The N-terminal signal sequence responsible for ER targeting was predicted using the SignalP program (http:// www.cbs.dtu.dk/services/SignalP/) in the World Wide Web Prediction Server Center for Biological Sequence Analysis. 19) Conservative cysteine residues forming disulfide bonds in 11S globulin and 2S albumin were used to double-check the accuracy of the putative fulllength clones. 20, 21) Sequence alignment was executed by the CLUSTAL W program at Pôle Bioinformatique Lyonnais (PBIL) (Lyons, France).
22)
Preparation of seed proteins in jelly fig achenes. Jelly curd was prepared by hand-washing 50 g of jelly fig achenes wrapped in six layers of cheesecloth using 600 ml of extraction buffer containing 0.6 M NaCl, 2% polyvinylpolypyrrolidone, and 10 mM Tris-HCl, pH 7.5, according to the method developed by Ding et al. 23) Crude seed storage proteins were extracted by homogenizing the remaining achenes, air-dried at room temperature with 100 ml of 10 mM Tris-HCl buffer, pH 7.5, using a Polytron at 4 C, and filtered with three layers of cheesecloth.
Analysis of storage protein isoforms by SDS-PAGE.
For SDS-PAGE analysis of 11S globulin and 2S albumin, the crude storage proteins extracted from the jelly fig achenes were mixed with sample buffer containing 62.5 mM Tris-HCl, pH 6.8, 2% SDS, 0.02% bromophenol blue, and 10% glycerol with or withoutmercaptoethanol, and electrophoresis was performed using a separating gel of 12.5% polyacrylamide under 200 V for 50 min. 24) For better resolution of the 11S globulin isoforms, electrophoresis was performed under the same gel conditions at 200 V for 120 min. 25) Following electrophoresis, the gels were stained with Coomassie Blue R-250. To estimate the content of 11S globulin in the total seed proteins, jelly fig achene proteins and a serial dilution of known bovine serum albumin concentrations were resolved by SDS-PAGE. The gel image was captured with a CCD camera and the band intensity was quantified with Multi Gauge V3.0 software.
MALDI-MS identification of 2S albumin and 11S globulin isoforms in jelly fig achenes.
Bands of putative 2S albumin and 11S globulin isoforms in the jelly fig achenes resolved in different SDS-PAGE gels were manually excised and ground into pieces. The gel pieces were washed twice with 50% acetonitrile and 50% acetonitrile/25 mM ammonium bicarbonate. The proteins in the gels were then reduced and alkylated at 56 C for 45 min in 10 mM dithiothreitol and 55 mM iodoacetamide in 25 mM ammonium bicarbonate, followed by in-gel digestion overnight at 37 C with 0.1 mg of TPCK-treated modified porcine trypsin (Promega, Madison, WI) in the same buffer. The supernatant containing the resulting tryptic peptides was combined with that of two subsequent extractions from the gel by 50% acetonitrile/5% formic acid and subjected to MALDI-MS analysis using a quadrupole-time-of-flight (Q-TOF) mass spectrometer (Micromass Q-Tof Ultima, Manchester, UK) in the Proteomics Research Core Laboratory at National Cheng-Kung University, Taiwan.
Results

Identification of gene families encoding storage proteins from EST sequences of maturing jelly fig achenes
The presence of seed storage proteins 11S globulin and 2S albumin isoforms in jelly fig achenes was verified by identification of the corresponding EST clones from maturing achenes. Six groups (of 13, 10, 8, 8, 16 , and 13 EST sequences respectively) putatively encoding 11S globulin isoforms were identified in the approximately 300 EST clones; in addition, two groups (of 31 and 14 EST sequences) putatively encoding 2S albumin isoforms were identified. Information on fulllength cDNA sequences encoding precursor polypeptides of these eight storage proteins, including GenBank accession numbers, nucleotide residues of cDNA fragments, open reading frames, the amino acid residues of the deduced precursor polypeptides, and the molecular masses of the deduced mature proteins, are summarized in Table 1 .
Sequence analyses of the eight deduced jelly fig storage proteins
The precursor polypeptides of all six deduced 11S globulin isoforms contained an N-terminal signal sequence for ER targeting via a signal-recognition particle (SRP) dependent pathway, a conservative processing site splitting each polypeptide into acidic and basic subunits via proteolytic cleavage, four conservative cysteine residues forming an intra-chain disulfide bond within the acidic subunit, and an inter-chain disulfide bond linking both subunits in their mature proteins (Fig. 1) . Sequence alignment between the two deduced 2S albumin isoforms from jelly fig suggested that both precursor polypeptides contained an N-terminal signal sequence for ER targeting, a processing site for splitting into a small and a large subunits, eight conservative cysteine residues forming two intra-chain disulfide bonds within the large subunit, and two inter-chain disulfide bonds linking the subunits in their mature proteins (Fig. 2) . The amino acid compositions of these eight storage proteins (Table 2) indicated that both 2S albumin isoforms were sulfur-rich, and one of them, 2S-2, also rich in tryptophan. Neither lysine nor tryptophan was present in 2S-1. 
Preparation of total seed proteins in jelly fig achenes
Total seed proteins were extracted by grinding intact seeds in the remaining jelly fig achenes used in the preparation of jelly curd, and were then subjected to SDS-PAGE analysis in the absence and presence ofmercaptoethanol (Fig. 3) . The most abundant proteins of 50-60 kDa split into two polypeptide groups, of approximately 30-35 kDa and 19-21 kDa, when -mercaptoethanol was incorporated into the sample buffer, suggesting that they were putative seed storage proteins, 11S globulin isoforms. Similarly, two less abundant proteins of 11-12 kDa split into several polypeptides of lower molecular mass when -mercaptoethanol was incorporated into the sample buffer, suggesting that they might be another class of seed storage proteins, 2S albumin isoforms. The amino acid number for the last residue in each line is listed on the right for each isoform. Broken lines in the sequences represent gaps introduced for best alignment. The cleavage site of the putative N-terminal signal sequence and the consensus asparaginyl cleavage site for splitting these polypeptides into an acidic and a basic subunit are indicated by scissor symbols, individually. Four conserved cysteine residues are boxed. They are predicted to form an intra-chain disulfide bond within the acidic subunit and an inter-chain disulfide bridge between the two subunits.
Confirmation of the eight deduced storage proteins in jelly fig achenes by MALDI-MS
MALDI-MS analysis indicated that the upper and lower 2S albumin candidate protein bands resolved in Fig. 3 corresponded to the deduced 2S-1 and 2S-2 respectively (Table 3) . Better resolution of several 11S globulin candidate bands of 50-60 kDa were observed on SDS-PAGE analysis when the running time of electrophoresis was prolonged from 50 to 200 min (Fig. 4) . MALDI-MS analyses detected all six deduced isoforms of 11S globulin (Table 4) ; 11S-1a and 11S-1b were well separated, but 11S-2a and 11S-2b, and 11S-3a and 11S-3b, almost co-migrated with each other on the SDS-PAGE gel. The relative abundance of these eight storage proteins was in accord with their occurrence frequency in the 300 sequenced EST clones.
Discussion
In this study, we demonstrated an efficient strategy for complete identification of the abundant storage proteins, 11S globulin and 2S albumin isoforms, in jelly fig achenes by analyzing EST sequencing data together with SDS-PAGE and MALDI-MS results. An evaluation of the nutritive value of these storage proteins representing about 90% of the total achene proteins indicated that they possess a well-balanced amino acid composition with respect to human requirements. In addition, both isoforms of 2S albumin were rich in sulfur, and one of them, 2S-2, was also rich in tryptophan. Hence, after curd making, the remaining jelly fig achenes, instead of being discarded, can be processed into byproducts with nutritive proteins. The amino acid number for the last residue in each line is listed on the right for each isoform. Broken lines in the sequences represent gaps introduced for best alignment. The cleavage site of the putative N-terminal signal sequence and that for splitting these polypeptides into small and large subunits are indicated by scissor symbols, individually. Eight conserved cysteine residues are boxed. They are predicted to form two intra-chain disulfide bonds within the large subunit and two inter-chain disulfide bridges between the small and large subunits. Sequence alignment of the sulfur-rich 2S albumins from this study and seeds of three other species, viz., sesame, sunflower, and Brazil nut, clearly showed that the residue number and position of cysteine were fully conserved, presumably a structural requirement for the formation of four disulfide bonds (Fig. 3) . In contrast, the residue number and position of methionine were variable in different sulfur-rich 2S albumins. Several 2S albumins from diverse plant species, including the above mentioned sulfur-rich ones from Brazil nut and sesame, have been identified as allergic factors. [26] [27] [28] [29] Therefore, the allergen risk of jelly fig 2S albumins should be fully assessed before they can be used as food ingredients.
In our random EST sequencing, a clone putatively encoding a 7S globulin storage protein was also identified (data not shown), and the full-length cDNA sequence encoding its precursor polypeptide was deposited in the Genbank database (accession no. EF091701). Only two EST sequences of 7S globulin were found among the approximately 300 EST clones, in contrast with the high occurrence frequency of 11S globulin and 2S albumin isoforms (ranging from 8 to 31 EST sequences). None of the 40-60 kDa bands in SDS-PAGE analysis in the presence of -mercaptoethanol matched this putative 7S globulin in MALDI-MS analysis under our experimental conditions. Probably, 7S globulin is present as a very minor storage protein in comparison with 11S globulins and 2S albumins in jelly fig achenes.
The six isoforms of jelly fig 11S globulin could be classified into three groups, 1a/1b, 2a/2b, and 3a/3b (Fig. 2) , with > 80% sequence similarity between the two isoforms in each group, and the sequence similarity between the isoforms from the different groups, decreased significantly, to approximately 50%. Notably, both isoforms of jelly fig 2S albumin are sulfur-rich, though they share only 37% sequence similarity. Whether these sequence pairings in jelly fig 11S globulin and 2S albumin isoforms originate from genomic duplication is unknown since neither genetic nor genomic information is available so far for this unique plant species in Taiwan.
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